The Ras-like small GTPase Rheb is an upstream activator of the mammalian target of rapamycin (mTOR). It has recently been shown that Rheb activates mTOR by binding to its endogenous inhibitor FKBP38 and preventing it from association with mTOR. The interaction of Rheb with FKBP38 is controlled by its guanine nucleotide binding states, which are responsive to growth factor and amino acid conditions. In this study, we show that Rheb interacts with FKBP38 through a section within its switch I region that is equivalent to the effector domain of other Ras-like small GTPases. We find that the ability for Rheb to interact with FKBP38 correlates with its activity for mTOR activation. Our findings suggest that FKBP38 is a bona fide effector of Rheb and that the ability to interact with FKBP38 is important for Rheb as an activator of mTOR.
Rheb is a Ras-related small GTPase that functions as an upstream activator of the mammalian target of rapamycin (mTOR) 2 (1, 2) . Like other members of the Ras superfamily of small GTPases, the activity of Rheb is regulated by its guanine nucleotide binding states. It is active upon GTP bound but becomes inactive following hydrolysis of the bound GTP to GDP (3) . The nucleotide binding states of Rheb are controlled mainly by the TSC1-TSC2 complex, which acts as a GTPaseactivating protein that stimulates GTP hydrolysis of Rheb and prevents its activation (4 -7) . A complex signaling network converges both growth factor and energy signals to the TSC1-TSC2 complex, altering its GTPase-activating protein activity and consequently the guanine nucleotide binding states of Rheb (8) . Changes in amino acid conditions also regulate Rheb activity through mechanisms independent of the TSC1-TSC2 complex (9, 10) . In response to those diverse signals, Rheb cycles between active GTP-bound and inactive GDP-bound states, acting as a molecular switch to control mTOR activity (8) .
How Rheb activates mTOR has been a key focus of current studies in mTOR signaling. mTOR elicits its rapamycin-sensitive function in the context of a multiple protein complex termed the mTOR complex 1 (mTORC1). Upon activation, mTORC1 promotes protein synthesis by phosphorylating S6 kinase (S6K) at position Thr 389 and 4E-BP1 at positions Thr 37 / Thr 46 , two factors involved in translation initiation (11) . It has been recently shown that Rheb activates mTORC1 by antagonizing its endogenous inhibitor, FKBP38 (12, 13) . Under growth factor deprivation or amino acid starvation condition, FKBP38 binds directly to mTOR and down-regulates mTORC1 activity. When amino acids and growth factors are present, Rheb interacts with FKBP38 and releases mTORC1 for activation.TheinteractionofRhebwithFKBP38isguaninenucleotide-dependent. It binds strongly to FKBP38 in GTP-bound form and weakly in GDP bound form. This GTP-dependent binding suggests that FKBP38 is an effector of Rheb in the mTOR pathway, which represents the first known effector of Rheb that is regulated by guanine nucleotide (12) .
FKBP38, also known as FKBP8, belongs to the peptidyl prolyl cis/trans-isomerase family of FK506-binding protein (FKBP) (14) . It contains a domain, referred to as FKBP-C, that is highly similar to FKBP12, the receptor for the immunosuppressive drug rapamycin (15) . It has been shown previously that the FKBP-C domain in FKBP38 is sufficient for its interaction with mTOR. Although the binding of FKBP12 to mTOR requires rapamycin, the binding of the FKBP-C domain of FKBP38 with mTOR is independent of the drug (12) . In addition to the FKBP-C domain, FKBP38 also contains several other distinct domains, including a tetratricopeptide repeat (TPR) domain, a Ca 2ϩ /calmodulin (CaM) binding domain, and a transmembrane domain (TM) (16 -19) . The TM domain of FKBP38 is unique among all of the members of the FKBP protein family and is essential for targeting this protein to mitochondria, where it functions (20) .
The identification of FKBP38 as a target of Rheb allows us to examine how Rheb, a unique member of the Ras superfamily, relays its signaling activity downstream. It is well established that Ras, in GTP-bound form, interacts with its effectors through a section located in the switch I region of the protein. This section, commonly referred to as the effector domain, is critical for the signaling activity of Ras (21, 22) . Since the switch I region in Rheb is highly similar to that in Ras, it is possible that Rheb signals to its effector in the mTOR pathway through a mechanism similar to that of Ras. In this study, we investigated the role of the switch I region in Rheb for its interaction with FKBP38 and its ability to activate mTORC1.
EXPERIMENTAL PROCEDURES
Reagents and Plasmids-Antibodies against Rheb, S6K, phospho-S6K (Thr 389 ), 4E-BP1, and phospho-4E-BP1 (Thr 37 / Thr 46 ) were purchased from Cell Signaling Inc. Anti-HA (12CA5) and c-Myc (9E10) antibodies were purchased from Roche Applied Science, and anti-FLAG M2 antibody was from Sigma. The pCMV-Myc-FKBP38 vector was constructed by PCR amplifying FKBP38 from pcDNA3-2ϫHA-FKBP38 (14) and cloning into pCMV-tag3 vector. The sources for pRK7-HA-S6K1 and Rheb constructs were described before (12 Coimmunoprecipitation-HEK293 cells were co-transfected with vectors expressing FKBP38 and Rheb. After incubation in Dulbecco's modified Eagle's medium for 30 h, transfected cells were washed with cold PBS on ice and lysed in buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and 1ϫ protease inhibitor mixture (Roche Applied Science). Lysates (0.5 mg) were incubated with anti-Myc antibody (9E10)-linked Protein A-agarose beads for 3 h at 4°C with agitation. Beads were washed four times with lysis buffer and once with 20 mM Tris-Cl, pH 7.4. Washed beads were resuspended in 60 l of 2ϫ SDS sample buffer FIGURE 1. Rheb associates with mitochondria. A, HeLa cells were stained with mitotracker (red), followed by fixation and staining with anti-Rheb antibody in conjunction with Alexa Fluor-labeled secondary antibody (green), and imaged with confocal microscopy. B, lysates from HEK293 cells were fractionated by differential centrifugation to obtain fractions containing nuclei and cell debris, the mitochondrion-enriched membranes (mitochondria), vesicular membranes, and cytosol. The fractions were blotted for Rheb, FKBP38, and mTOR and markers for endoplasmic reticulum (calnexin), endosomal membranes (EEA1), and mitochondria (cytochrome c).
and boiled for 5 min. Samples were subjected to SDS-PAGE followed by Western blotting.
Immunofluorescence-HeLa cells grown on glass coverslips were stained with 200 nM Mitotracker Red (Molecular Probes) for 20 min and fixed with 4% paraformaldehyde in PBS for 10 min. Fixed cells were permeabilized by incubating with 0.1% Triton X-100 in PBS for 10 min and blocked with 5% bovine serum albumin in PBS for 30 min. Cells were then incubated overnight at 4°C with anti-Rheb antibody (1:100 dilution), followed by staining with Alexa Fluor 488-conjugated anti-rabbit IgG (Molecular Probes) (1:1000). Cells were washed and mounted with ProLong Gold antifade reagent (Molecular Probes) and visualized by confocal microscopy.
All of the experiments in this study were repeated independently no fewer than three times. Representative data are shown in the figures.
RESULTS
We have previously shown that Rheb physically interacts with FKBP38, which suggests a co-localization of both proteins. Since FKBP38 is found mainly on mitochondria (20) , it is likely that Rheb resides on the same organelle. To test this notion, we examined intracellular localization of the endogenous Rheb using immunofluorescence microscopy. As shown in Fig. 1A , Rheb appeared to localize to some punctate structures, which were mostly overlapped with mitochondria that was marked by mitotracker. This observation indicates that Rheb is mainly localized to mitochondria. To further confirm the mitochondrial association of Rheb, we isolated the mitochondrion-enriched fraction from HEK293 cells by differential fractionation and analyzed the amount of Rheb associated with the fraction. As shown in Fig. 1B , we found that the majority of Rheb existed in the mitochondrial fraction that was marked by the presence of cytochrome c. Consistent with previous findings (20) , FKBP38 was mostly found in the mitochondrion-enriched fraction. A small portion of Rheb and FKBP38 existed in the vesicular membrane fraction that was enriched in the endoplasmic reticulum and endosomal membranes. In addition, mTOR was also found to concentrate in the mitochondrial fraction, which is in accordance with previous observations that mTOR associates with mitochondria (23, 24) . Altogether, these findings indicate that Rheb, FKBP38, and mTOR coexist on mitochondria.
As an attempt to understand how Rheb affects the binding of FKBP38 with mTOR, we determined the regions in FKBP38 that mediate its interaction with Rheb. Since FKBP38 contains several distinct domains ( Fig. 2A) , we constructed GST-fused mutant proteins lacking each of the domains and expressed them in bacterial cells. To ensure their solubility, none of the mutant proteins contained the transmembrane domain. The interaction of the expressed mutant proteins with Rheb was examined using an in vitro binding assay. As shown in Fig. 2B , we found that a mutant FKBP38 protein lacking the FKBP-C domain was unable to interact with Rheb (lane 4), whereas those deleted for the CaM domain (lane 3), the tetratricopeptide repeat domain (lane 5), or the first 108 amino acids (lane 7) were. Furthermore, deletion mutants containing the first 207 amino acids (lane 6) or the FKBP-C domain alone (lane 8) were able to interact with Rheb. These findings suggest that Rheb interacts with FKBP38 by binding to its FKBP-C domain, the region that is highly similar to FKBP12. Similar results were obtained by co-immunoprecipitation using FKBP38 mutants expressed in cultured mammalian cells (Fig. S1) .
We next investigated the role for each of the unique domains in the function of FKBP38 as an mTORC1 inhibitor. Accordingly, we examined the serum-stimulated phosphorylation of S6K at Thr 389 , an mTORC1-dependent phosphorylation site, in cells that expressed the deletion mutants of FKBP38. In accordance with the previous finding (12) , overexpression of wild type FKBP38 inhibited the serum-stimulated phosphorylation on S6K (Fig. 3A, compare lanes 1 and 2) . In comparison, a mutant FKBP38 protein lacking the FKBP-C domain was largely ineffective in inhibition of the phosphorylation (lane 5), consistent FIGURE 2. FKBP38 interacts with Rheb through its FKBP-C domain. GST alone or GST-fused deletion mutants of FKBP38 without the transmembrane domain were expressed in bacteria and purified. The recombinant proteins at a final concentration of 0.2 M were incubated with the same amount of bacterially expressed and purified His-Rheb in 500 l of PBS buffer containing 0.5% Triton X-100 on ice for 30 min. The reaction mixtures were precipitated with glutathione-conjugated Sepharose beads, and the amount of GST-FKBP38 and its truncated versions and that of co-purified His-Rheb were determined by Western blotting. A, a schematic presentation of FKBP38 structures. B, co-purified GST-FKBP38 mutants (top) and His-Rheb (bottom). C, input of GST-FKBP38 (top) and His-Rheb (bottom).
with the fact that this domain is required for interaction with mTOR (6) . Mutants without the transmembrane domain, including the regions of amino acids 1-387 (⌬TM; lane 3), amino acids 1-207 (lane 7), and amino acids 108 -207 (FKBP-C; lane 9), also lost the inhibitory ability. Because these mutants were unable to associate with mitochondria (Fig. S3) , this finding suggests that the mitochondrial localization is essential for the inhibitory activity of FKBP38. In addition, the region containing the N-terminal 108 amino acids appeared to be important for FKBP38 function, since a mutant protein lacking the region was incapable of inhibiting S6K phosphorylation (lane 8), despite being able to associate with mitochondria (Fig.  S3) . In contrast, mutants lacking the TPR domain retained some of the inhibitory activity (lane 6), suggesting that this domain is not essential for the inhibitory activity of FKBP38. Although a mutant deleted for the CaM domain exhibited a certain degree of inhibition, the activity is not statistically significant in comparison with that of the mutant lacking the transmembrane domain (lanes 3 and 4) . Similar effects were observed for these mutant FKBP38 proteins in the amino acid-stimulated S6K phosphorylation at Thr 389 (Fig. S2 ). These findings indicate three regions in FKBP38 are critical for its inhibitory activity toward mTORC1. These regions are the N-terminal 108 amino acids, the FKBP-C domain, and the transmembrane domain.
In the family of FK506-binding proteins, another member, FKBP52, shares similar structural features with FKBP38, including the FKBP-C domain, the TPR domain, and the CaM binding site (25) . We thus tested whether FKBP52 possessed a similar inhibitory activity toward mTORC1. As shown in Fig. 4 , although overexpression of FKBP38 prevented amino acid-or serum-stimulated phosphorylation of S6K at Thr 389 , that of FKBP52 failed to do so. The lack of inhibitory effect on mTORC1 does not appear to be caused by its inability to attach to membrane, since a hybrid version of the protein containing the transmembrane domain from FKBP38 remained incapable of mTORC1 inhibition. These data indicate that the FKBP38 is a unique member in the family of the FK506-binding proteins that possesses the ability to inhibit mTORC1 in the absence of rapamycin.
The finding that Rheb interacts with FKBP38 and regulates its activity in a GTP-dependent manner suggests that FKBP38 is an effector of Rheb. As a small GTPase that is closely related to Ras, Rheb is expected to employ a similar mechanism to interact and activate its effectors. We thus determined whether the switch I region in Rheb is required for its interaction with FKBP38 and whether the ability to interact with FKBP38 is essential for Rheb signaling to mTORC1.
Previous studies have identified a few mutations within the switch I region of Rheb that impair its ability to activate mTORC1 but not that for nucleotide binding, including T38M, I39K, and N41A (26, 27) . We first examined whether these mutations affect the binding of Rheb with FKBP38. Accordingly, we expressed Myctagged FKBP38 together with different FLAG-tagged Rheb mutants in HEK293 cells and examined their interaction by co-immunoprecipitation. As shown in Fig. 5A , we found that the interaction of Rheb with FKBP38 was partially disrupted by T38M and N41A mutations (lanes 4 and 6) and largely abolished by the I39K mutation (lane 5). A T38M/I39K combined mutation or alanine substitution of residues from position 38 to 43 (38 -43A) completely abolished the binding (lanes 9 and 10) . We next determined the ability of these Rheb mutants to antagonize the inhibitory effect of FKBP38 on mTORC1 signaling activity. Consistent with our previous findings, we found that overexpression of FKBP38 blocked amino acid-stimulated phosphorylation of S6K at Thr 389 and of 4E-BP1 at Thr 37 /Thr 46 . However, a simultaneous expression of wild type Rheb abolished the inhibitory effect of FKBP38 (Fig. 5B,  compare lanes 1 and 2) . Although T38M and N41A mutants retained some residual activity for stimulating the S6K phosphorylation in the presence of FKBP38 (lanes 4 and 6) , the T38M/I39K and 38 -43A mutants were devoid of any activity (lanes 9 and 10) . Thus, the ability of Rheb to bind with FKBP38 correlates with its ability to stimulate mTORC1 signaling. One exception was D60K, a dominant negative allele, which bound strongly to FKBP38 yet failed to stimulate the S6K phosphorylation (Fig. 5, A and B, lane 7) . Despite this, a triple mutation, containing T38M, I39K, and D60K substitutions, was unable to interact with FKBP38, suggesting that the binding of D60K with FKBP38 still requires the switch I region (Fig. 5A, lane 11) .
D60K was originally identified as a dominant negative allele, whose overproduction in cells blocks mTORC1-dependent S6K phosphorylation and renders it largely unresponsive to amino acids or growth factor stimulation (28) . We have previously shown that D60K binds to and sequesters FKBP38 on mTOR in such a way that the binding between FKBP38 and mTOR is no longer sensitive to amino acids availability or growth factor stimulation (12) . This observation raised a possibility that the dominance of D60K over the endogenous Rheb originated from its binding and sequestering FKBP38. To test this notion, we examined whether nullifying the ability of D60K to bind with FKBP38 eliminates its dominance. As shown in Fig.  6 , we found that whereas the S6K phosphorylation at Thr 389 was insensitive to amino acid availability in cells overexpressing D60K (lanes 3 and 4) , it became responsive in cells overexpressing the triple T38M/I39K/D60K mutant (lanes 7 and 8) , which was incapable of FKBP38 binding (Fig. 5A, lane 11) . This finding suggests that the dominance of D60K is caused by sequestering its effector, FKBP38.
The region in Rheb that corresponds to the effector domain of Ras contains 9 residues, including amino acids 35-43. We examined the role for each of these residues in mediating its interaction with FKBP38 by substituting them individually with alanine. As shown in Fig. 7 , we found that the substitutions at position 35, 40, or 43 partially impair the ability of the mutant Rheb to interact with FKBP38; that at position 38 modestly affected the interaction, whereas those at position 36, 39, or 42 largely abolished the interaction. We next determined the ability of the alanine substitution mutants to activate mTORC1 signaling in the absence of amino acids. We found that the mutants with largely impaired FKBP38 binding ability, including those with alanine substitution at positions 36, 38, 39, and 42, were ineffective in stimulating the mTORC1-dependent phosphorylation of S6K and 4E-BP1 (Fig. 7B) . This finding suggests that the interaction with FKBP38 is important for Rheb to activate mTORC1. To further confirm the notion, we examined the ability of these mutants in antagonizing FKBP38 activity. We found that these mutants were incapable of reversing the inhibitory effect of FKBP38 on mTORC1 (Fig. 7C) . Thus, the ability of Rheb to interact with FKBP38 correlates with its activity for mTORC1 stimulation.
DISCUSSION
Previous studies have shown that Rheb is localized in cells on some punctate particles that resemble endosomal compartments. These observations have led to the suggestion that Rheb associates with endosomal compartments (29, 30) . However, our analysis of Rheb localization revealed that the majority of Rheb is co-localized with mitotracker ( Fig. 1) , suggesting that the protein is associated with mitochondria. Because the endosomal compartments and mitochondria are morphologically indistinguishable under a light microscope, it is possible that some of the Rheb-containing punctate particles observed earlier were actually mitochondria. The mitochondrial association of Rheb is also consistent with the fact that Rheb directly interacts with FKBP38, which has been shown previously to be a mitochondrial protein (20, 31) . The target of FKBP38, mTOR, has been shown to localize to various compartments, including endosomal membrane, endoplasmic reticulum, Golgi, nucleus, and mitochondria (23, 24, (32) (33) (34) (35) . Our fractionation analysis indicates that at least a portion of mTOR is localized to mitochondria, where Rheb and FKBP38 reside. This result is supported by previous findings showing that mTOR associated with outer membrane of mitochondria (23) . Given that mitochondria are the major metabolic organelle, co-localization of mTOR, Rheb, and FKBP38 on mitochondria is consistent with the role of mTORC1 in nutrient, energy, and oxygen sensing.
The FKBP-C domain of FKBP38 shares 53% sequence similarity with FKBP12 (16) . We have previously shown that the FKBP-C domain in FKBP38 but not FKBP12 is able to interact with mTOR in the absence of rapamycin (12) . Consistent with this result, we show in this study that the FKBP-C domain of FKBP38 is essential for its inhibitory activity toward mTORC1 signaling activity. However, the FKBP-C domain alone does not appear to be sufficient for mTORC1 inhibition. Deletion mutants of FKBP38 lacking the transmembrane domain or the N-terminal 108 amino acids are largely defective in mTORC1 inhibition, suggesting that these domains are also important for FKBP38 function. Since the transmembrane domain is needed for targeting FKBP38 to mitochondria (20) , the requirement of this domain for FKBP38 function indicates that mitochondrial association is important for FKBP38 function. On the other hand, the region containing the N-terminal 108 amino acids of FKBP38 is not required for its association with mitochondria (Fig. S3) or for its interaction with Rheb ( Fig. 2) and mTOR (12) . Its role in FKBP38 function requires further study.
Interestingly, the FKBP-C domain of FKBP38 also mediates its binding with Rheb (Fig. 2) , raising the possibility that Rheb may compete with mTOR for FKBP38 binding. However, the fact that the D60K mutant of Rheb is able to bind with FKBP38 without displacing mTOR from it suggests that the bindings of FKBP38 with Rheb and mTOR are not mutually exclusive (12) . It is likely that Rheb and mTOR bind to different sides of the FKBP-C domain in such a way that Rheb is able to modulate FKBP38 allosterically and consequently affects its association with mTOR. Further analysis of the three-dimensional structure of the Rheb-FKBP38 and FKBP38-mTOR complexes will shed light on the structural bases for the interactions.
Upon GTP binding, small GTPases of Ras family interact with their effectors through the effector domain within the switch I region of the proteins. As such, the effector domain of a small GTPase plays a critical role in relaying its activity to downstream effectors (36) . Previous studies have identified a few mutations within the switch I region, including T38M, I39K, and N41A, that affect the ability of Rheb to stimulate mTORC1 activity (26) . In the present study, we find that these mutations in Rheb disrupt its interaction with FKBP38. These observations demonstrate a correlation between the ability to interact with FKBP38 and the ability to stimulate mTORC1 activity, which is consistent with the notion that Rheb activates mTORC1 by removing FKBP38 from mTOR (12) . Our mutational analysis also identifies two other residues in the effector domain that are important for the interaction of Rheb with FKBP38, including Asp 36 and Thr 42 . Alanine substitutions at these positions drastically reduce the ability of Rheb to interact with FKBP38 and to stimulate mTORC1. These results suggest that the interaction with FKBP38 is critical for Rheb to activate mTORC1, thus supporting a view that FKBP38 is a key factor that links Rheb activity to mTORC1. Importantly, the finding that Rheb interacts with FKBP38 through its effector domain in a GTP-dependent manner suggests that the signaling mechanism of Rheb is similar to that of other members of the Ras superfamily.
